Clinical complications of atherosclerosis arise primarily as a result of luminal obstruction due to atherosclerotic plaque growth, with inadequate outward vessel remodeling and plaque destabilization leading to rupture. IL-1 is a proinflammatory cytokine that promotes atherogenesis in animal models, but its role in plaque destabilization and outward vessel remodeling is unclear. The studies presented herein show that advanced atherosclerotic plaques in mice lacking both IL-1 receptor type I and apolipoprotein E (Il1r1 -/-Apoe -/-mice) unexpectedly exhibited multiple features of plaque instability as compared with those of Il1r1 +/+ Apoe -/-mice. These features included reduced plaque SMC content and coverage, reduced plaque collagen content, and increased intraplaque hemorrhage. In addition, the brachiocephalic arteries of Il1r1 -/-Apoe -/-mice exhibited no difference in plaque size, but reduced vessel area and lumen size relative to controls, demonstrating a reduction in outward vessel remodeling. Interestingly, expression of MMP3 was dramatically reduced within the plaque and vessel wall of Il1r1 -/-Apoe -/-mice, and Mmp3 -/-Apoe -/-mice showed defective outward vessel remodeling compared with controls. In addition, MMP3 was required for IL-1-induced SMC invasion of Matrigel in vitro. Taken together, these results show that IL-1 signaling plays a surprising dual protective role in […] Research Article Cardiology
Introduction
Atherosclerosis is a chronic disease affecting large arteries that involves the formation of plaques containing inflammatory and vascular cells, extracellular matrix, and lipid (1) . Clinical complications of atherosclerosis arise through obstruction of the arterial lumen, leading to insufficient oxygen supply for dependent tissues. Most of the morbidity and mortality associated with atherosclerosis occur due to disease in the coronary circulation of the heart, where luminal obstruction occurs through 2 primary mechanisms: (a) plaque growth with inadequate outward vessel remodeling, leading to vessel stenosis, and (b) formation of unstable plaques that acutely rupture, precipitating occlusive thrombus formation (2) . Despite extensive research, there are fundamental gaps in our knowledge of these processes, and a tremendous need exists for better understanding the pathophysiology of atherosclerotic vascular disease in order to develop new therapeutic strategies to prevent its clinical complications.
Atherosclerosis is an inflammatory disease characterized by recruitment of numerous circulating inflammatory cells, including monocytes/macrophages, T lymphocytes, and neutrophils (3) . Proinflammatory cytokines are thought to be detrimental in atherosclerosis due in large part to their role in promoting atherosclerotic plaque formation by enhancing leukocyte recruitment and activation (4, 5) . However, the degree of outward remodeling of atherosclerotic vessels better determines lumen size than does plaque area (6, 7) , and plaque composition is a better determinant of plaque stability and propensity to rupture than is the size of the plaque (8) (9) (10) (11) (12) . Evidence suggests that proinflammatory cytokines also promote features of atherosclerotic plaque destabilization, as inhibition of proinflammatory cytokines such as IL-18 (13) , monocyte chemoattractant protein-1 (14) , and IFN-γ (15) in atheroprone mice promotes features of plaque stability such as increased SMC and collagen content. However, to date, only a limited number of inflammatory cytokines have been tested for causative roles in regulating features of plaque stability. Additionally, the potential role of inflammatory cytokines in outward vessel remodeling and luminal narrowing in atherosclerosis is virtually unknown.
IL-1 is a proinflammatory cytokine that plays a central role in mediating innate and adaptive immune responses to multiple chemical, infectious, and mechanical insults (16) . The term IL-1 refers to 2 cytokines, IL-1α and IL-1β, which signal exclusively through a common receptor, IL-1 receptor type I (gene: Il1r1; protein: IL-1R1) (17) . IL-1α and IL-1β are found in human atherosclerotic plaques, where they are released primarily by endothelial cells and macrophages (18, 19) . Genetic inactivation and pharmacological inhibition of IL-1α, IL-1β, and IL-1R1 have been shown to decrease atherosclerotic plaque formation within the aortic root and thoracoabdominal aorta in mice (20) (21) (22) (23) (24) (25) , demonstrating a pro-atherogenic role for IL-1 in promoting atherosclerotic lesion formation. However, these studies have focused almost exclusively on the effects of IL-1 on lesion size and the extent of lesion formation, and a comprehensive analysis of the role of IL-1 in regulating features of plaque stability and outward vessel remodeling in advanced atherosclerosis has not been performed. Genetic inactivation of the endogenous inhibitor of IL-1 signaling, IL-1 receptor antagonist (IL-1RN), in advanced lesions of atheroprone mice has demonstrated increased plaque macrophage content and reduced SMC content, consistent with IL-1RN playing a beneficial role in regulating features of plaque stability (26) . However, IL-1RN deficiency likely results in supraphysiological levels of IL-1 activity, IL-1RN has IL-1R1-independent effects (27) , and indices of plaque stability used in this study were limited to assessing macrophage and SMC content. Because of this, further studies of the role of IL-1 signaling in advanced atherosclerosis are needed, particularly in light of ongoing major clinical trials in humans testing the role of IL-1 inhibition in the clinical complications of atherosclerosis (28) .
The present studies were initiated with a focus on testing the hypothesis that IL-1 promotes formation of an unstable plaque phenotype with impaired outward vessel remodeling and enhanced luminal narrowing in advanced atherosclerosis in the apolipoprotein E-deficient (apoE-deficient) (gene: Apoe; protein: APOE) mouse. To our surprise, results showed just the opposite. Inactivation of IL-1 signaling through loss of the IL-1R1 in Apoe-knockout mice resulted in enhancement of multiple indices of atherosclerotic plaque instability, including reduced plaque SMC content and coverage, reduced plaque collagen content, and increased intraplaque hemorrhage as well as impaired outward vessel remodeling, leading to reduced lumen size. We also provide evidence that IL-1 signaling promotes expression of an extracellular protease, MMP3, which enhances outward vessel remodeling in atherosclerosis and mediates IL-1-induced migration of cultured SMCs. Taken together, these results indicate that IL-1 plays a surprising dual protective role in atherosclerosis by enhancing features of plaque stability and promoting outward vessel remodeling at least in part through enhancing MMP3 production.
Results

IL-1R1 deficiency reduces atherosclerotic plaque size at the aortic root.
To determine the role of IL-1 in advanced atherosclerosis, mice lacking both IL-1 receptor type I and apoE (Il1r1 -/-Apoe -/-) and singleknockout controls (Il1r1 +/+ Apoe -/-) were fed a high-fat diet for 27-30 weeks to generate advanced atherosclerotic lesions. Upon completion of high-fat diet feeding, Il1r1 -/-Apoe -/-mice did not significantly differ from control mice in metabolic measures, such as body weight, plasma cholesterol, or plasma triglyceride levels (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI43713DS1). However, Il1r1 -/-Apoe -/-mice exhibited significantly reduced plaque size across 4 locations at the aortic root ( Figure 1 ). These results are consistent with previous studies demonstrating a proatherogenic role for IL-1 signaling in aortic root atherosclerosis (20, 22, 23, 25, 29) .
IL-1R1 deficiency reduces outward remodeling of atherosclerotic vessels. In addition to the aortic root, we also tested the effect of IL-1R1 deficiency on atherosclerosis at the brachiocephalic artery, which is a site of advanced plaque formation in mice (30, 31) . Interestingly, atherosclerotic plaque size within brachiocephalic arteries of Il1r1 -/-Apoe -/-mice exhibited a trend toward a reduction, but did not significantly differ from those of Il1r1 +/+ Apoe -/-controls over 5 locations across the artery (n = 12-14 mice per group; P = 0.07) ( Figure 2, A and B) . However, the area of the brachiocephalic artery within the internal elastic lamina (IEL) was significantly reduced in Il1r1 -/-Apoe -/-mice relative to Il1r1 +/+ Apoe -/-controls ( Figure 2 , A and C). In addition, Il1r1 -/-Apoe -/-mice exhibited a greater than 50% decrease in lumen area across the 5 brachiocephalic artery locations compared with Il1r1 +/+ Apoe -/-control mice ( Figure 2, A and D) . These results demonstrate that, although IL-1R1 deficiency does not significantly alter plaque size at the brachiocephalic artery, inactivation of IL-1 signaling results in a reduction in compensatory outward vessel remodeling, leading to reduced lumen size.
Although morphometric analysis of vessel and lumen size within the aortic root can be complicated by the presence of valves, previous studies have measured the length of the IEL within each aortic sinus to calculate vessel area using the sum of these lengths as the circumference of a circle (32) . Using these methods at the aortic root, results revealed that Il1r1 -/-Apoe -/-mice exhibited reduced vessel size relative to controls (Supplemental Figure 2A) . Although this could be secondary to the reduced plaque size in these animals (Figure 1) , lumen size at the aortic roots in Il1r1 -/-Apoe -/-mice was also significantly reduced relative to that in control mice (Supplemental Figure 2B ). These results demonstrate a deficit in compensatory outward vessel remodeling at the aortic root in IL-1R1-deficient mice, which is consistent with the observed reduction in outward vessel remodeling at the brachiocephalic artery in IL-1R1-deficient mice. Taken together, these results suggest that IL-1 plays an unexpected beneficial role in advanced atherosclerosis by promoting outward vessel remodeling to limit narrowing of the vessel lumen. 
IL-1R1 deficiency enhances features of atherosclerotic plaque instability.
To determine whether IL-1R1 deficiency alters features of atherosclerotic plaque stability, plaques were analyzed at the brachiocephalic artery for features that both associate with and contribute to plaque instability in humans, such as decreased plaque collagen content (33) (34) (35) (36) and decreased SMC coverage of the plaque at the fibrous cap region as well as decreased total SMC content within the plaque (37) (38) (39) , increased plaque macrophage content (37, 39) , and increased intraplaque hemorrhage (40, 41) . Since IL-1 is a proinflammatory cytokine, it was our original hypothesis that loss of IL-1 signaling would promote features of plaque stability similarly to proinflammatory cytokines tested previously (13) (14) (15) . Surprisingly, results showed just the opposite. First, plaque collagen content, which plays an important structural role in stabilizing plaques and is decreased in unstable human lesions (33) (34) (35) (36) , was decreased in Il1r1 -/-Apoe -/-relative to Il1r1 +/+ Apoe -/-control mice ( Figure 3 , A and F). Second, both SMC coverage of the luminal surface of the plaque in the region of the fibrous cap and total plaque SMC content were significantly decreased in Il1r1 -/-Apoe -/-mice relative to controls (Figure 3 , B, G, and H), consistent with features of unstable plaques in humans (37-39). Third, macrophage content was increased within plaques from Il1r1 -/-Apoe -/-mice relative to controls ( Figure 3 , C and I), which is also consistent with increased plaque instability (37, 39) . Finally, intraplaque hemorrhage, defined as the presence of rbc within the plaque, was also significantly increased in Il1r1 -/-Apoe -/-relative to Il1r1 +/+ Apoe -/-mouse lesions ( Figure 3 , D, E, and J). Although the source of rbc within Il1r1 -/-Apoe -/-plaques is unclear, increased presence of rbc within plaques is associated with an unstable plaque phenotype in humans and also may directly contribute to plaque instability owing to the high cholesterol content of rbc (40) (41) (42) . Collectively, these results demonstrate that inactivation of IL-1 signaling in advanced atherosclerosis surprisingly promotes features of an unstable plaque phenotype. Consistent with this, atherosclerotic plaques at the aortic root also exhibited decreased plaque collagen content, reduced plaque SMC coverage, and increased intraplaque hemorrhage in Il1r1 -/-Apoe -/-mice relative to controls (Supplemental Figure 3 ). Taken together, these data provide evidence that IL-1 signaling plays an unexpected protective role in advanced atherosclerosis by enhancing multiple features of atherosclerotic plaque stability at both the brachiocephalic artery and aortic root.
IL-1R1 deficiency reduces MMP3 expression within the brachiocephalic artery plaque and vessel wall. We next sought to determine the mechanisms by which loss of IL-1 signaling results in reduced outward vessel remodeling and enhanced features of plaque instability. Evidence suggests that SMCs play an important role in promoting outward remodeling of atherosclerotic vessels (43) as well as in enhancing atherosclerotic plaque stability (44, 45) . Matrix metalloproteinases are secreted proteases that play an important role in promoting outward vessel remodeling and regulating atherosclerotic plaque stability, at least in part through their ability to degrade and remodel the extracellular matrix (7, 46) . Previous studies have demonstrated that IL-1 promotes expression and activity of multiple MMPs in cultured SMCs (47, 48) . In order to determine the full spectrum of MMPs induced by IL-1 in SMCs, we performed Affymetrix GeneChip microarray analysis on cultured SMCs stimulated with IL-1. IL-1 treatment of these cells induced the greatest increase (>6-fold) in the expression of MMP3, MMP13, and MMP9 among all annotated MMPs (Supplemental Table 1 and see Supplemental Methods). Increases in MMP3, MMP9, and MMP13 expression were confirmed by realtime RT-PCR analysis (Supplemental Figure 4) . Interestingly, immunohistochemical staining in vivo revealed that Il1r1 -/-Apoe -/-mice exhibited markedly decreased expression of MMP3 within the brachiocephalic artery plaque and vessel media relative to Il1r1 +/+ Apoe -/-controls ( Figure 4 ). However, MMP13 levels did not differ within the plaque or vessel wall (Supplemental Figure 5 , A, C, and D). MMP9 levels were increased within the plaque in Il1r1 -/-Apoe -/-mice, and a nonsignificant trend existed for increased MMP9 levels within the media of the vessel (P = 0.1) (Supplemental Figure 5 , B, E, and F), perhaps as a compensatory response to the markedly decreased MMP3 levels. Taken together, these results provide evidence that IL-1 plays an important role in the regulation of MMP3 production within atherosclerotic plaques and that MMP3 may mediate at least some of the observed effects of IL-1R1 deficiency in atherosclerosis.
MMP3 deficiency in Apoe-knockout mice reduces outward vessel remodeling. Although increased plaque MMP3 levels have been associated with outwardly remodeled atherosclerotic vessels in humans (49),
Figure 3
IL-1R1 deficiency decreases features of atherosclerotic plaque stability. (A-E) Representative images from brachiocephalic artery lesions of Il1r1 +/+ Apoe -/-and Il1r1 -/-Apoe -/-mice with (A) picrosirius red staining and polarized light microscopy for collagen detection, (B) SM α-actin immunostaining for detecting SMCs on the plaque luminal surface (arrowheads) and total plaque SMC content, (C) Mac2 immunostaining for detection of plaque macrophages, (D) Movat staining for intraplaque rbc (arrow), and (E) immunostaining for the rbc marker TER-119 (magnified from boxed area in D). (F-J) Quantification of (F) plaque collagen content based on picrosirius red staining, P < 0.001 for difference of genotypes by 2-way ANOVA, (G) plaque SMC coverage based on SM a-actin staining, P < 0.001 for difference of genotypes by the Scheirer-Ray-Hare test, (H) total plaque SMC content based on SM a-actin staining, P < 0.001 for difference of genotypes by the Scheirer-Ray-Hare test (I) plaque macrophage content based on Mac2 staining, P = 0.01 for difference of genotypes by 2-way ANOVA after log transformation, and (J) the percentage of brachiocephalic arteries exhibiting intraplaque hemorrhage based on Movat and TER-119 staining, **P < 0.01 by Fisher's exact test. Data in it is unclear whether MMP3 mediates outward vessel remodeling in atherosclerosis. In order to test this, we analyzed brachiocephalic artery lumen size after high-fat diet feeding in Apoe-knockout mice with and without genetic inactivation of MMP3 (designated Mmp3 -/-Apoe -/-and Mmp3 +/+ Apoe -/-mice, respectively) (50). Mmp3 -/-Apoe -/-exhibit increased brachiocephalic artery lesion size relative to Mmp3 +/+ Apoe -/-controls, as reported previously (50) . The present studies extend those findings by demonstrating that brachiocephalic arteries of Mmp3 -/-Apoe -/-mice exhibited reduced lumen area, with no difference in vessel size relative to Mmp3 +/+ Apoe -/-controls (Supplemental Figure 6) . Thus, despite an increased lesion size in MMP3-deficient mice, these mice did not exhibit a compensatory increase in vessel size relative to controls, leading to a reduction in lumen area. These results suggest that MMP3 promotes outward remodeling of atherosclerotic vessels to limit luminal narrowing. Combined with the dramatic reductions in MMP3 levels in brachiocephalic arteries of Il1r1 -/-Apoe -/-mice relative to controls (Figure 4) , these results suggest that MMP3 may mediate the effects of IL-1 in promoting outward vessel remodeling in atherosclerosis.
MMP3 deficiency reduces IL-1-induced SMC migration across Matrigel. Although IL-1R1 deficiency reduced multiple features of atherosclerotic plaque stability, one of the largest differences was the reduction in plaque SMC content and coverage (Figure 3 , A, G, and H). SMC accumulation within atherosclerotic plaques as well as in the fibrous cap region at the plaque luminal surface involves, at least in part, SMC migration from the tunica media into the plaque and to the fibrous cap region at the luminal surface (51, 52) . IL-1 has been shown to promote SMC migration through basement membrane matrices such as Matrigel (53); however, the mechanisms mediating IL-1-induced SMC migration through the matrix are unknown. Given the markedly reduced plaque and vessel wall MMP3 levels in IL-1R1-deficient mice, combined with previous studies demonstrating that MMP3 promotes SMC migration into scratched areas of a SMC monolayer in vitro (54, 55), we hypothesized that IL-1 may promote SMC migration through extracellular matrix in an MMP3-dependent manner. Experiments were performed using SMCs from Mmp3 +/+ and Mmp3 -/-mice, which demonstrated that IL-1 significantly increased expression of MMP3 in wild-type SMCs, consistent with previous studies (47); however, in Mmp3 -/-SMCs, expression of MMP3 was virtually undetectable with or without IL-1β treatment (Supplemental Figure 7 ). Using these cells in Transwell invasion assays with a Matrigel barrier of basement membrane matrix, IL-1β promoted migration of Mmp3 +/+ SMCs through Matrigel; however, this effect was abrogated in Mmp3 -/-SMCs ( Figure 5 ). These results provide evidence that MMP3 plays an important role in promoting IL-1-induced SMC migration through matrix and suggest that the observed reductions in atherosclerotic plaque SMC content and coverage in IL-1R1-deficient mice may be due, at least in part, to decreased MMP3-dependent SMC migration.
Discussion
The focus of the present studies was to determine the effects of the inflammatory cytokine IL-1 on features of atherosclerotic plaque stability and narrowing of the vessel lumen, both of which are critical in the development of the clinical complications of atherosclerosis (2) . Completely contrary to our original hypothesis, results provided surprising evidence that IL-1 promotes multiple features of atherosclerotic plaque stability, including increased plaque SMC content and coverage, reduced intraplaque hemorrhage, and increased plaque collagen content. In addition, the studies provide evidence that IL-1 also promotes outward vessel remodeling to limit reductions in vessel lumen size in advanced atherosclerosis. Finally, these studies demonstrate that IL-1 signaling is a critical regulator of MMP3 expression in advanced atherosclerosis and suggest that MMP3 may be a downstream mediator of IL-1-induced outward vessel remodeling and features of plaque stability, such as increased plaque SMC content and coverage. Taken together, these results suggest that IL-1 plays a dual atheroprotective role in advanced atherosclerosis by promoting outward vessel remodeling and concomitantly enhancing features of plaque stability, perhaps through MMP3-dependent mechanisms.
Results of the present studies demonstrating that inactivation of the lone signaling receptor for the inflammatory cytokine IL-1, IL-1R1, enhanced multiple features of plaque instability are surprising in that multiple proinflammatory cytokines, such as IL-18 (13), IFN-γ (15), and monocyte chemoattractant protein 1 (14) , have been shown to promote features of atherosclerotic plaque instability in mice, whereas antiinflammatory cytokines IL-10 (56, 
57
) and TGF-β (58, 59) reduce features of plaque instability. These results have contributed to the generally accepted dogma that proand antiinflammatory cytokines exert diametrically opposed functions in regulating plaque stability. Our results clearly challenge the notion that proinflammatory cytokines universally promote atherosclerotic plaque destabilization and suggest that IL-1 may play a distinct role relative to other proinflammatory cytokines tested to date, perhaps by promoting profibrotic, reparative aspects of the inflammatory response that may be beneficial in atherosclerosis. Consistent with this, IL-1 has been shown to be particularly profibrotic relative to another classical proinflammatory cytokine, TNF-α, in a murine model of pulmonary injury, despite both cytokines inducing similar levels of inflammatory cell infiltration (60) . In addition, recent studies have provided evidence that IL-1 can promote macrophage polarization to a profibrotic M2 phenotype (61) (62) (63) . An important question for future studies is whether the effects of IL-1 that we have observed on features of atherosclerotic plaque stability such as increased collagen content are unique to IL-1 or whether they may extend to other profibrotic inflammatory cytokines that also promote M2 macrophage polarization, such as IL-13 and IL-4 (64) (65) (66) .
In addition to reducing plaque collagen content, IL-1R1 inactivation reduced features of plaque stability, such as plaque SMC content and coverage. These observations suggest that in the absence of IL-1 signaling, there is a deficit in the ability of SMCs to migrate both into the plaque from the tunica media and to the plaque luminal surface. The marked reductions in MMP3 levels within the plaque and vessel wall of IL-1R1-deficient mice (Figure 4) , combined with the observed MMP3 dependence of IL-1β-induced SMC migration ( Figure 5 ), suggest that the deficit in SMC content and coverage in IL-1R1-deficient mice may be due to decreased MMP3-dependent SMC migration. Although we cannot rule out that other MMPs may also be involved, these findings are consistent with results of previous studies demonstrating decreased SMC content within atherosclerotic plaques of MMP3-deficient Apoe -/-mice relative to controls (50) . Further studies will be required to determine whether MMP3 expression in SMCs directly mediates the effects of IL-1 to promote increased plaque SMC content and coverage. However, such studies will be extraordinarily difficult and will require conditional, cell-type selective knockout and overexpression of MMP3 in atheroprone mice with and without genetic or pharmacological inactivation of IL-1 signaling.
Previous studies testing the effects of inactivation of IL-1 signaling on atherosclerosis have demonstrated a proatherogenic role for IL-1 in promoting increases in lesion size at the aortic root and increasing the extent of lesion formation in the thoracic aorta (20, 22, 23, 25) . Interestingly, the only study to date that has tested the effects of inhibition of IL-1 signaling on atherosclerosis at the brachiocephalic artery demonstrated that antibody-mediated inhibition of IL-1β did not significantly alter atherosclerotic plaque size at this site (21) . These results are consistent with our observations that IL-1R1 deficiency reduces atherosclerotic plaque size at the aortic root, but not the brachiocephalic artery (Figures 1 and 2) . In addition, although we observed consistent decreases in plaque collagen content and plaque SMC coverage as well as consistent increases in intraplaque hemorrhage at the brachiocephalic artery and the aortic root, plaque SMC content was reduced and macrophage content increased at the brachiocephalic artery, whereas plaque SMC content was increased and macrophage content unchanged at the aortic root in IL-1R1-deficient mice ( Figure 3 and Supplemental Figure 3 ). The reasons for these observed differences in the effects of IL-1 on atherosclerosis at the brachiocephalic artery and aortic root are unclear, but may relate to differences arising from the different embryological origins of SMCs at the 2 sites (67) and/or the unique hemodynamics at the aortic root due to the presence of the aortic valves at this site.
Our results demonstrate that inactivation of IL-1 signaling through genetic deficiency of IL-1R1 in advanced murine atherosclerosis results in enhanced features of plaque stability and reduced outward vessel remodeling with increased luminal narrowing. It is possible that at least some of the effects of IL-1R1 deficiency that we have observed, however, may reflect not only loss of IL-1 signaling, but also compensation by other cytokines due to genetic deletion of IL-1R1 over the entire life span of these mice. Indeed, previous studies have observed increased TNF-α production after Klebsiella pneumoniae or influenza virus infection in mice with life-long genetic inactivation of IL-1 signaling (68, 69) . If such compensatory increases in proinflammatory cytokines have occurred in our IL-1R1-deficient mice, results may not reflect the effects of inhibition of IL-1 in adult mice with a pharmacological agent. Hence, future studies involving administration of pharmacological inhibitors of IL-1 signaling, such as IL-1RN, to mice with advanced atherosclerosis will be important in helping to determine whether acute treatment to reduce but not eliminate IL-1 signaling may decrease features of plaque stability and outward vessel remodeling. If so, additional studies would be important to determine whether acute, localized delivery of IL-1R1 agonists or activation of downstream mediators within atherosclerotic plaques may have protective effects to promote features of plaque stability and outward vessel remodeling.
Our results demonstrating that IL-1R1 deficiency reduces outward remodeling of atherosclerotic brachiocephalic arteries and aortic roots represent, to our knowledge, the first definitive evidence for a causative role for a proinflammatory cytokine in promoting outward vessel remodeling to limit luminal narrowing in spontaneous atherosclerosis. Previous studies have demonstrated increased macrophage content within human atherosclerotic plaques associated with vessels undergoing outward remodeling (10, 70, 71) , suggesting a role for proinflammatory processes in outward vessel remodeling. However, application of the inflammatory cytokines IL-1β and TNF-α to the adventitial surface of normal pig coronary arteries induced neointimal formation accompanied by reduced lumen size (72, 73) , and genetic inactivation of MYD88, the signaling mediator for several inflammatory stimuli, including IL-1, reduced low flow-induced inward vessel remodeling in mice (74) . Our results in atherosclerosis, however, suggest that IL-1 actually exerts protective effects to promote outward vessel remodeling and limit reductions in lumen size associated with plaque growth. An important goal for future studies will be to determine whether additional proinflammatory cytokines such as TNF-α, IL-17, and IL-18 promote outward remodeling in spontaneous atherosclerosis at the brachiocephalic artery similarly to IL-1 and conversely whether antiinflammatory cytokines may have opposing effects.
Due to the ability of inflammatory cytokines to induce MMP production and release by multiple cell types, it has been thought, although not proven, that inflammatory cytokines promote outward vessel remodeling in atherosclerosis through MMP-mediated matrix degradation and remodeling within the plaque and vessel wall (7) . Results of the present studies provide evidence that the matrix metalloproteinase MMP3 promotes outward vessel remodeling in experimental atherosclerosis. These results are consistent with studies of atherosclerosis in humans that showed that MMP3 is selectively increased relative to MMP1, MMP2, and MMP9 in atherosclerotic plaques from outwardly remodeled human coronary arteries (49) . Additionally, our results showing that IL-1R1 deficiency was associated with marked and selective reductions in MMP3 levels within atherosclerotic plaques and the associated vessel wall (Figure 4) suggest that MMP3 may mediate the effects of IL-1 to promote outward remodeling of atherosclerotic vessels. Although it is not clear how MMP3 mediates outward vessel remodeling in atherosclerosis, our results demonstrating that IL-1-induced SMC migration is MMP3 dependent suggest that MMP3 may be necessary for SMCs to migrate within the vessel wall to promote matrix remodeling necessary for vessel enlargement (7) . As with studies of the role of IL-1 and MMP3 in regulating features of plaque stability, however, determining whether IL-1 promotes outward vessel remodeling in atherosclerosis via MMP3-dependent mechanisms in SMCs will require extensive additional studies, including conditional, SMC-specific MMP3 inactivation in atheroprone mice with excessive and/or deficient IL-1 signaling.
Taken together, results of the present studies provide evidence that IL-1 plays a dual protective role in advanced atherosclerosis through promoting formation of a stable plaque phenotype and concomitantly mediating outward vessel remodeling to limit luminal narrowing. It is, of course, unclear whether results of our studies employing genetic inactivation of the IL-1R1 in atherosclerotic mice will extrapolate to humans; however, our results suggest the potential for unexpected consequences of interrupting atheroprotective effects of IL-1 signaling in rheumatoid arthritis patients receiving IL-1R1 antagonists, such as anakinra (75) , or in patients in ongoing clinical trials testing the effects of IL-1 inhibition on coronary artery disease (28) . Additionally, results highlight the general principal that it is overly simplistic to generalize all proinflammatory cytokines as being detrimental for atherosclerotic disease progression and provide evidence of a potential therapeutic benefit to enhancing aspects of the inflammatory response in atherosclerosis. Indeed, our results suggest the need for future studies to explore the potential for diverse roles of different inflammatory cytokines in atherosclerotic plaque stability and outward vessel remodeling in advanced atherosclerosis.
Methods
Animals. Il1r1 -/-mice (#003245; Jackson Laboratory), at least 5 generations backcrossed to C57BL/6J (>96% C57BL/6J), were outcrossed to Apoe -/-mice (#2052; Jackson Laboratory), which had been backcrossed 11 generations to C57BL/6J (>99.9% C57BL/6J). Il1r1 +/+ Apoe -/-and Il1r1 +/-Apoe -/-as well as Il1r1 -/-Apoe -/-and Il1r1 +/-Apoe -/-breeding pairs were used to generate the majority of the experimental Il1r1 +/+ Apoe -/-and Il1r1 +/-Apoe -/-mice, with 4 experimental mice of each genotype derived from Il1r1 +/-Apoe -/-intercrosses. Mice were genotyped by PCR according to protocols from the Jackson Laboratory and as described previously (76) using the following primers and conditions: 5′-GAGTTACCCGAGGTCCAGTGG; 5′-CCGAAGAAGCT-CACGTTGTCAAG; 5′-GAATGGGCTGACCGCTTCCTCG; 95°C for 30 seconds, 65°C for 60 seconds, and 72°C for 60 seconds.
Animal diet feeding and preparation of tissues. Female Il1r1 +/+ Apoe -/-and Il1r1 -/-Apoe -/-mice were fed a high-fat (Western type) diet containing 21% milk fat and 0.15% cholesterol (Harlan Teklad) for 27-30 weeks starting at 8 weeks of age (mean ± SEM of 28.6 ± 0.26 weeks for Il1r1 +/+ Apoe -/-mice and 28.3 ± 0.27 weeks for Il1r1 -/-Apoe -/-mice). Mice were sacrificed after a 4-hour fast, and blood was collected after clipping the right atrium. Mice were then perfused via the left ventricle with 5 ml PBS followed by 10 ml 4% paraformaldehyde. Brachiocephalic arteries and hearts containing aortic roots were carefully dissected and fixed overnight in 4% paraformaldehyde prior to embedding in paraffin. Assays for determining total plasma cholesterol and triglyceride levels (Abbott Laboratories) were performed by the University of Virginia Clinical Pathology Laboratory.
Brachiocephalic artery and aortic root immunohistochemical and morphometric analysis. Paraffin-embedded brachiocephalic arteries were serially sectioned at 5-μm thickness from the aortic arch to the right subclavian artery. For morphometric and immunohistochemical analysis, except where noted below, sections of each brachiocephalic artery were stained at 120-μm intervals from 0 to 480 μm distal to the aortic arch. Aortic roots were sectioned at 5-μm thickness beginning proximally at the first evidence of the aortic valves at their attachment site to the aorta. Sections were stained and analyzed at 150-μm intervals from 150 to 600 μm distal to this site.
Modified Russell-Movat pentachrome (Movat) staining was performed for morphometric analysis of brachiocephalic arteries and aortic roots (77) . For brachiocephalic arteries, areas within the IEL, plaque area, and lumen area were measured directly from the digitized images. At the aortic root, the area within the IEL was calculated using the sum of the lengths of the IEL within each sinus (l) as the circumference of a circle according to the formula l 2 /4π, and plaque area was subtracted from this value to calculate lumen area, as described previously (32) . Picrosirius red staining was performed for analysis of collagen content by measuring birefringence to plane-polarized light (78, 79) . Antigen Unmasking Solution was used for all immunohistochemistry (Vector Laboratories). Immunohistochemical staining for SM α-actin (clone 1A4; Sigma-Aldrich) was performed with detection by Permanent Red (Dako Cytomation). All other immunostaining was detected by DAB (Dako Cytomation). Primary antibodies used with DAB detection included those raised against the macrophage marker Mac2 (clone M3/38; Accurate Chemical), the rbc marker TER-119 (rat anti-mouse; Santa Cruz Biotechnology Inc.), and the matrix metalloproteinases MMP3 (rabbit anti-human, clone EP1186Y; Epitomics), MMP9 (rabbit anti-rat; Millipore), and MMP13 (goat antimouse; Millipore). Immunostaining for MMP3, MMP9, and MMP13 was performed on tissue sections at the proximal origin of the brachiocephalic artery just beyond the aortic arch. Incubation without primary antibodies and/or with irrelevant species-and isotype-matched immunoglobulins was used as a negative control for all immunostaining.
All image analysis was performed by observers blinded to mouse genotype. Vessel morphometry and areas of positive immunohistochemical or picrosirius red staining were quantified using Image-Pro Plus (Media Cybernetics). For detection of positive staining, the portion of the color spectrum representing the positive signal for each stain was defined using the color cube-based method in Image-Pro Plus. This color definition was then applied uniformly to all digitized images for that stain to determine the total positive area within the region of interest such as the plaque or vessel wall, and this positive area measurement was then normalized to the total area of the plaque or vessel wall as described in the text. Plaque SMC coverage was quantified as the percentage of the luminal surface of the plaque covered by SM α-actin-positive cells, as described previously (80) . Intraplaque hemorrhage was identified as bright red staining within the plaque based on Movat staining with confirmation of the presence of rbc by TER-119 immunohistochemistry. For comparison with the group means, the particular data values for the representative images in Figures  1-4 have been included in Supplemental Table 2 .
SMC invasion assays. SMC invasion assays across Matrigel (BD Biosciences) were performed essentially as described (81) . Briefly, aortic SMCs isolated from Mmp3 +/+ and Mmp3 -/-mice (82), a gift from Roger Lijnen (Katholieke Universiteit, Leuven, Belgium), were grown to confluency in 10% serumcontaining media (DMEM/F12, Gibco, Invitrogen; 10% FBS, Hyclone; 100 U/ml penicillin/streptomycin, Gibco, Invitrogen; 1.6 mmol/l l-glutamine, Gibco, Invitrogen) and then switched to serum-free medium (DMEM/F12, Gibco, Invitrogen; 1.6 mmol/l glutamine, Gibco, Invitrogen; 0.2 mmol/l L-ascorbic acid, Gibco, Invitrogen; 5 mg/l transferrin, Sigma-Aldrich; 2.8 mg/l recombinant human insulin, Gibco, Invitrogen; 100 U/ml penicillinstreptomycin, Gibco, Invitrogen; 6.25 μg/l selenium, Sigma-Aldrich) for 2 days. Then 20 μl of Matrigel (BD Biosciences) at 1 mg/ml was placed on the upper surface of HTS Transwell Plates containing 8.0-μm pores (Corning) for 4 hours at 37°C. After 4 hours, 2 × 10 5 cells/ml of serum-starved Mmp3 +/+ or Mmp3 -/-SMCs were placed on the upper surface of the Transwells with various doses of recombinant mouse IL-1β (R&D Systems) or vehicle (0.1% BSA) in the lower chamber. After 24 hours, Transwells were washed in PBS, fixed with 10% formalin, and stained with 0.2% crystal violet in 7% ethanol. Upon removing cells from the upper surface of each Transwell, remaining cells were counted in 2 fields of view from the center of each Transwell and the mean of the 2 counts was used as the value for each Transwell.
Statistics. For comparisons of 2 groups of continuous variables with normal distributions (determined by the Kolmogorov-Smirnov test), 2-tailed Student's t tests were used. For 2-group comparisons from multiple experiments each in triplicate, nested ANOVA was used. Two-group comparisons with nonnormal distributions were analyzed using the MannWhitney rank sum test. Fisher's exact test was used for categorical data. Two-way ANOVA was used for multiple group comparisons, preceded where indicated by log10 or square root transformation of the data to achieve a normal distribution (determined by Kolmogorov-Smirnov test). For data with either nonequal group variances (by the Levene test) or where transformation failed to normalize the data, the Scheirer-Ray-Hare test was performed on ranked data (83) . For the Scheirer-Ray-Hare test, randomly generated values from the distribution of the fitted values were added to balance unequal group sample sizes. SigmaStat was used for all statistical tests, with the exception of the Scheirer-Ray-Hare test and nested ANOVA, which were performed using Minitab software (Minitab, Inc.). Only for brachiocephalic artery plaque macrophage content ( Figure 3I ; P = 0.003), aortic root plaque SMC coverage (Supplemental Figure 3G ; P < 0.001), and aortic root plaque SMC content (Supplemental Figure 3H ; P < 0.001) were significant differences found among locations across the vessels using 2-way ANOVA or Scheirer-Ray-Hare tests; hence, results of location comparisons were otherwise not reported in the manuscript. There were no significant interactions between genotype and location for any of the end points analyzed by the 2-way ANOVA or Scheirer-Ray-Hare tests. P < 0.05 was considered significant.
Study approval. Animal protocols used in this study were approved by the Animal Care and Use Committee at the University of Virginia.
